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As humans confront their origin, maintenance, and security, the need for sensitive, portable, and rapid chemical and biological sensors is ever increasing. There has been a great deal of interest recently in unlabeled biosensors. Eliminating molecular labels avoids interference in sensing interactions and allows for real-time measurements. Since the early 1990s optics has played a strong role by using surface plasmon resonances to produce the most ubiquitous unlabeled sensing technique.
1 However, its best sensitivity for adsorption has not substantially improved from the original projection of ϳ10 pg/ mm 2 . High sensitivity is needed for early intervention, especially for exponentially growing pathogens ͑e.g., HIV virus͒. Recently a new class of biosensors has appeared based on the resonant shift which a microcavity experiences through its interaction with a biomolecule. The whispering gallery mode biosensor 2 ͑WGMB͒ is the most sensitive ͑ϳ1 pg/mm 2 ͒, although this sensitivity is currently short of the single molecule goal. 3 Herein we report experiments that verify an optical means 4 for significantly enhancing the sensitivity of a WGMB. Solution experiments have been chosen, since our principal aim is to demonstrate an optical enhancement mechanism independent of the physical chemistry of adsorption; molecules in solution and those adsorbed shift WGMs by the same electromagnetic interaction.
The WGMB works by polarizing a molecule within its evanescent field. For a molecule at position r i , the fractional shift is given by the polarization energy divided by the energy in the polarizing mode. 3 If we suppose that the interacting molecule has a scalar excess polarizability ␦␣, then the frequency shift can simply be written as
where E 0 ͑r͒ is the modal field and ͑r͒ is the permittivity at position r. It is apparent from Eq. ͑1͒ that the key to optimizing the frequency shift, for a given modal energy, is to place the largest possible field at an individual molecule. For a uniform solution of molecules surrounding the resonator, the shift involves a sum over the field squared at each molecular position. Consequently, for this case optimization requires moving the largest possible fraction of the modal energy into the evanescent field. This optimization rule applies to chemical sensing due to homogeneous refractive index changes.
The possibility that a microsphere sensor can have its sensitivity improved may be understood in the solution case. For the first order radial whispering gallery mode ͑WGM͒ in a silica microsphere of 200 m in radius ͑in water͒, our electromagnetic calculations indicate that 0.6% of the modal energy resides in the evanescent field at 1310 nm. This is in stark contrast to silica nanofibers of 500 nm in diameter, where more than 50% of the energy is evanescent at the same wavelength. 6 So enhancement may be possible if a sublayer of relatively high refractive index can be formed around a homogeneous silica sphere. Although a nanolayer is not a nanofiber, and one must figure out how to couple to its first order mode, a detailed electromagnetic analysis is consistent with this enhancement hypothesis. 4 One can understand the effect of a high index sublayer on a WGM from a quantum analog. 7 With the field of a TE mode expressed as a dimensionless angular momentum operating on a scalar wave function, L , the vector wave equation reduces to a scalar equation having a Schrödinger form ͑with 2m / ប 2 =1͒. Within this quantum analog the effective energy is the square of the free space wave vector, E eff = k 0 2 , and the effective potential is
where n͑r͒ is the radial refractive index profile and l is the angular momentum quantum number. As a standard for all calculations that follow, our excitation corresponds to = 1310 nm, we choose a fluorine doped silica microsphere with R = 200 m as our substrate ͑n 1 = 1.43͒, polystyrene ͑PS, n 3 = 1.57͒ of thickness t as our coating material, and water ͑n 2 = 1.32͒ as our base external medium. Figure 1 shows a sketch of V eff for this system with the layer thickness t Ӷ R. This potential is characterized by a narrow asymmetric well that opens into a "bowl" above it. For the chosen parameters ͑t = 500 nm͒ the first order transverse electric mode TE 1354 1 ͑subscript= l͒ is clearly trapped by the potential well, as shown in the insert. More notably, for this "layer mode" the fraction of energy contained within the evanescent field beyond the layer is calculated to be as much as seven times the fraction in the evanescent field outside a homogeneous silica sphere of the same radius. This enhancement EN RI is expected for the resonance shift associated with chemical sensing due to changing refractive index in the surrounding solution.
EN RI may be calculated numerically based on the exact use of Maxwell's equations as applied to continuous media. 4 For our standard sphere a number of TE modes having different orders resonate nearest to 1310 nm. Of these, the lowest order modes are TE . Figure 2 shows the theoretical enhancements for our standard sphere for each of these modes as a function of the layer thickness t. Clearly the most pronounced effect occurs for the first order mode for t = 350 nm, where the enhancement is eight times In addition, intrinsic losses from this mode due to leakage are extremely small, since it is buried deep in the well and has a very low tunneling probability to free space modes.
The second and third order modes in Fig. 2 show more complicated behavior. Although they show considerably smaller enhancements than the first order mode below a thickness of 300 nm, their enhancements are found to be below 1 beyond t = 350 nm. This behavior may be directly attributed to the larger breadth and greater number of extrema in the radial wave functions of higher order modes. 4 The enhancement theory was tested on a fluorine doped silica microsphere ͑FSM, R ϳ 200 m͒ having a PS layer. Fluorine doped silica was chosen to have the possibility of phase matching the first order mode to a tapered silica fiber. 8 The layered sphere was formed through a multistep process. First, the surface of the FSM was modified so that PS would adhere to it. This was accomplished by reacting silanol groups on the silica surface with a silane agent ͓diphenylmethylchlorosilane 9 ͑DPMCS͔͒. Next the sphere was dip coated in a PS solution. PS naturally attaches to the phenyl groups on the DPMCS. Finally, the surface was annealed beyond the PS glass transition temperature in order to relieve internal stress and remove excess solvent ͑xylenes͒. Atomic force microscope ͑AFM͒ scans revealed that the rms roughness of the PS surface is comparable to that of bare silica. The layer thickness on a given sphere was determined by scratching the PS layer down to the silica substrate and measuring the step height using AFM. By a slight modification in the coating process, spheres having layer thicknesses between 195 and 350 nm have been generated.
Our experimental approach is to couple light evanescently into a microsphere from a tapered fiber, with both immersed in an aqueous solution. 2 Resonances are detected from dips in the transmitted light through the fiber as a distributed feedback laser ͑ϳ1310 nm͒ is current tuned. 10 The fiber is tapered adiabatically with waist diameter of 1.5 m. The key to exciting the first order mode of the layered sphere is matching its effective index n eff to that of the fiber mode. 10 The fiber mode index increases with the fiber diameter, and therefore acts as a tuning element by sliding the sphere along it. The first order mode has a considerably larger n eff than the second or third order mode, since it has more of its wave function inside the high index layer. This elevation in n eff due to layering places the first order mode of a coated silica sphere beyond the phase matching criteria for all reasonable fiber diameters ͑Ͻ5 m͒. This problem is overcome by lowering the sphere's core refractive index by fluorine doping; the refractive index is lowered by 0.02. Our calculations indicate that exciting a first order mode in a layered sphere with t = 300 nm requires a much thicker fiber having a diameter of 3200 nm. Second and third order modes are best coupled to using fiber diameters near 2000 nm.
The experimental cell consisted of a disposable cuvette cut down to a 1.1 cm height ͑volume of 1.1 ml͒, with a tapered fiber drawn horizontally through 1 mm slots on either side. A microsphere ͑ϳ200 m in radius͒ at the end of a stem was inserted from the top of the cuvette and brought in contact with the fiber, as in our previous work. 11 Initially the sample cell was filled with 1000 l of de-ionized water. The transmission spectrum upon first contact usually consisted of several dips having various widths. By sliding the sphere along the fiber, we found that at certain fiber coupling diameters the spectrum resolved into periodic dips of constant width.
To test our enhancement theory, the refractive index of the environs was elevated minutely by adding NaCl. Either 10 l of a 5M or 2M NaCl solution was added several times. A magnetic stirrer within the cell homogenized the solution. smallest measured enhancement ͑1.5 times͒, which happened to be taken on the sphere having the smallest measured layer thickness t = 195 nm ͑middle line͒. The results displayed in Fig. 3 are consistent with our theoretical predictions in Fig. 2 . Clearly the 8.4-fold enhancement for t = 340 nm may be connected with the stimulation of the first order layer mode, whereas the smaller enhancement of 1.5 times for t = 195 nm is likely associated with a third order mode. It will take much more data to fully evaluate our model, however, the results presented thus far leave little doubt that one can channel energy into a sublayer and that these phenomena lead to a substantial increase in shift sensitivity of the WGM sensor. Before this advance we could only anticipate increasing the sensitivity of a silica sphere by a factor of 8.4 by reducing its size by the same factor, to R =22 m. However, the Q of such a sphere at a wavelength of 1.3 m is limited by radiation leakage to less than 10 4 . Our current result already has a Q of 3 ϫ 10 5 . Considering that this Q is diminished in part by overtone water absorption, the future for the nanolayer enhancement approach appears very bright. The enhancement demonstrated in this correspondence has merely scratched the surface with respect to the possibilities. Only ϳ5% of the modal energy is currently evanescent. Our calculations show that an enhancement of over 50 times can be anticipated by lowering the refractive index of the core to that of water. Fluorine doped polymers having the refractive index of water and the robustness of Plexiglas are available, and are likely to become our spherical substrates in the future. This research was supported by NSF through the Division of Bioengineering and Environmental Systems, Grant No. 0522668. 
